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Earlier studies suggest that cortisol and related
glucocorticoids correct the impaired water diuresis
of primary and secondary adrenal insufficiency by
a direct effect upon the diluting segment of the
nephron (1-4) ; however, no one has conclusively
demonstrated that a sustained positive water bal-
ance in the adrenal-insufficient patient completely
inhibits the secretion of antidiuretic hormone
(ADH). Although osmotic inhibition of the re-
lease of ADH may be normal in adrenal insuffi-
ciency, the human or animal in this state may have
a distorted “volume” stimulus that prevents com-
plete inhibition. Recent studies have demonstrated
that contraction or redistribution of both vascular
and extracellular volumes can cause the continued
secretion of ADH in the water-loaded subject (5,
6). Blood loss, quiet standing, venous congestion
of the lower extremities, and positive pressure
breathing are all events that may produce this
contraction or redistribution.

Since the adrenal-insufficient patient is hypo-
tensive, has poor vascular reactivity, and exhibits
a redistribution of body fluids (7-9), it seems
reasonable to assume that a distorted volume stim-
ulus for release of ADH might contribute to his
impaired water diuresis. If this were true, it
might be possible to improve the water diuresis
by an appropriate expansion of either the extra-
cellular or vascular compartment before or during
a water load. This was attempted in the present

study. It was found that the correction of the
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impaired water diuresis caused by an acute injec-
tion of glucocorticoid could not be reproduced by
volume expansion. Therefore, it is unlikely that
cortisol augments the water diuresis of adrenal
insufficiency by correcting an abnormal “volume”
stimulus to ADH release.

METHODS

Subjects. Four patients with primary adrenal insuffi-
ciency and nine with well documented adrenal insuf-
ficiency secondary to anterior pituitary disease comprised
the study groups. These are summarized in the Ap-
pendix. Four male subjects of comparable age, without
cardiovascular, renal, or endocrine disease, served as
controls.

Procedure. All therapy with adrenal steroids was
discontinued 1 to 2 weeks before the acute experiments
in every adrenal-insufficient subject. Each experiment
was performed during a maximal water diuresis sustained
for 5 to 9 hours. The technique of achieving and main-
taining the diuresis was accomplished as follows. On the
morning of the test the fasting subjects came to the
laboratory, and the experiment began about 8:30. The
recumbent position was maintained throughout the test
except for brief periods of standing to void. The diuresis
was initiated with an oral water load of 1 to 1.5 L (20
ml per kg) and this positive balance was maintained for
the duration of the experiment by the intravenous infu-
sion of 2.5 per cent glucose in water at a rate equal to
urine flow. Collection periods were 20 to 60 minutes in
duration, and urine samples were collected by spontaneous
voiding or by indwelling catheters. When urine volume
was below 2 ml per minute, air “washouts” were also
utilized. Samples of venous blood were obtained at the
midpoint of each period through an indwelling needle.
Control collections were begun approximately 45 minutes
after a priming dose and constant sustaining infusion of
inulin had been started. Analysis of plasma and urine
for sodium, potassium, inulin, creatinine, and osmolality
were made by methods previously reported (1, 10).

Volume expansion with albumin was accomplished as
follows. Subjects 6, 7, and 8 received 600 ml: Sub-
jects 9 and 16, and two control subjects received 1 L of
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5 per cent albumin in 0.9 per cent saline; Patient 1 was
given 50 g of concentrated serum albumin (25 per cent)
intravenously over a 1-hour period after a maximal sus-
tained water diuresis had been achieved.

The effects of volume expansion on the impaired water
diuresis were compared in the same subject with the
effects of acute intravenous glucocorticoid administration
(20 mg of methylprednisolone or 100 mg of cortisol). In
most experiments the steroid was given on the day of
volume expansion 2 to 3 hours after expansion had pro-
duced its maximal effects. In Subjects 2, 3, and 13 the
effects of volume expansion alone were observed over a
4- to 6-hour period, and the results were compared with
those of steroid administration during a sustained water
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load on another day. The sustained water diuresis was
continued for approximately 4 hours after steroid ad-
ministration in all experiments.

In three normal subjects (nos. 14-16) volume expan-
sion plus steroid infusion was compared with volume
expansion alone. The methodology of expansion and ster-
oid administration were similar to those in the adrenal-
insufficient patients. In the remaining normal subject
(no. 17) the effects of steroid administration combined
with expansion were compared with the maximal effects
of volume expansion alone, achieved earlier the same day.
These four experiments were done to determine whether
acute administration of glucocorticoid to the “expanded”
normal subject could augment the water diuresis.

TABLE 1

Comparison of the effect of saline and albumin loading with adrenal steroid on
the impaired water diuresis of adrenal and pitustary insufficiency

Wt Type of Urinary Urinary Solute Sodium Serum

Subject BSA Date gain expt. vol conc. excret. Cu:0 GFR RPF  excret. osmolal.

kg ml/min  mOsm/ uOsm/ ml/min ml/ ml/ sEg/ mOsm/
kg min min min min kg

Anterior pituitary insufficiency .
1 1.8 5-20-58 Control* 1.4 559 760 —-1.5 136 270
A.C. 5-22-58 2.3 Salinet 2.6 343 885 —0.6 96 270
11- 6-60 Control 1.5 652 945 -2.0 98 494 332 271
11- 6-60 Albumint 1.2 616 758 —1.6 91 514 247 271
11- 6-60 Steroid} 13.9 136 1,885 5.1 120 639 603 278
2 1.9 7-17-58 Control 0.9 787 716 —1.5 103 324 162 294
P.K. 7-17-58 Steroid 10.0 98 984 6.7 94 419 221 290
7-26-58 1.8 Saline 1.5 637 955 —-1.8 90 409 240 289
3 2.15 7-15-58 Control 1.4 408 563 —0.1 108 449 84 276
M 7-15-58 Steroid 6.6 113 746 4.0 112 455 112 277
7-29-58 2.7 Saline 9.9 124 1,223 5.4 96 471 365 272
4 1.85 2-24-59 1.7 Saline 1.1 584 654 —-1.2 49 306 196 275
L.M. 2-24-59 Steroid 1.5 172 263 0.5 36 267
5 1.85 2-18-59 Control 6.0 159 954 2.7 112 210 284
AS. 2- 3-59 1.6 Saline 9.5 151 1,436 4.5 106 395 523 285
2- 3-59 Steroid 103 133 1,373 5.4 109 436 506 277
6 1.7 6- 2-59 Control 1.2 366 425 -0.5 61 308 65 256
JF.M 6- 2-59 Albumin 3.5 210 727 0.6 83 480 178 251
6- 2-59 Steroid 10.7 93 995 6.6 80 370 343 241
7 1.95 6- 9-59 Control 1.5 479 699 -1.0 74 394 223 281
N.G. 5- 9-59 Albumin 3.1 337 1,055 —-0.6 109 620 366 279
6- 9-59 Steroid 16.2 90 1,454 11.0 106 502 565 284
8 2.0 5-29-59 Control 2.0 543 1,070 —2.2 121 607 244 255
N.C. 5-29-59 Albumin 2.5 493 1,247 —-2.2 100 796 329 263
5-29-59 Steroid 9.0 151 1,359 3.8 119 736 243 259
9 2.0 11-27-60 Control 4.0 205 820 0.9 90 536 158 267
R.S. 11-27-60 Albumin 8.2 122 998 4.4 84 564 316 262
11-27-60 Steroid 19.5 77 1,498 13.7 106 537 304 260
Primary adrenal insufficiency

10 1.5 8-29-58 Control 2.8 241 663 1.9 55 249 145 279
S.A. 8-29-58 Steroid 10.1 114 1,148 9.7 67 300 257 284
9- 4-58 1.6 Saline 11.2 166 1,853 4.2 60 268
9- 4-58 Steroid 10.3 62 641 7.9 91 258
11 1.8 3-12-59 29 Saline 3.2 444 1,430 —-1.9 59 467 583 275
J.J. 3-12-59 Steroid 2.2 490 1,073 -1.8 66 311 442 275
12 1.55 1-15-59 4.3 Saline 12.5 108 1,347 7.7 103 443 425 283
L.P. 1-15-59 Steroid 20.1 74 1,487 14.7 99 465 468 274
13 1.45 8- 3-60 - Control 2.3 185 426 0.7 37 237 130 262
P.H. 8- 3-60 Albumin 7.8 159 1,232 3.0 106 639 377 260
8- 5-60 Control 5.0 188 940 1.4 60 295 269 262
8- 5-60 Steroid 11.5 71 816 8.3 88 447 124 254

* Represents the mean of two control periods prior to volume expansion or steroid administration.
+ Represents the period of maximal change after volume expansion, or steroid administration, or both (see text).
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THE EFFECTS OF ACUTE VOLUME EXPANSION UPON THE IMPAIRED WATER DIURESIS IN

ADRENAL AND PITUITARY INSUFFICIENCY.

RESULTS

A) Characteristics of the water diuresis and
renal hemodynamics prior to volume expansion
or steroid administration. Water diuresis was
markedly impaired in nine of the ten adrenal-
insufficient subjects in whom control data were
obtained. The remaining subject (no. 5) showed
impaired diuresis when compared with normal
subjects or with the magnitude of his diuresis
after acute or chronic glucocorticoid therapy. The
mild impairment in the untreated state is consist-
ent with his clinical, partial secondary adrenal
insufficiency.

Despite the lack of comparable control data in
the other three patients in this study (nos. 4, 11,
12), the poor diuresis noted in Patients 4 and 11
after volume expansion and acute steroid infusion
strongly suggests that their pretreatment water
diuresis would also have been seriously impaired.

In the two subjects with primary adrenal insuffi-
ciency, for whom control data were available, a

mean maximal water diuresis of 2.6 ml per min-
ute and a minimal urinary osmolality of 213 mOsm
per kg were achieved. This result is similar to the
results in comparable subjects in a previous study
(1). Although those with secondary adrenal in-
sufficiency were able to excrete water at a com-
parable rate (2.1 ml per minute), they achieved a
minimal urinary osmolality of only 462 mOsm per
kg. As in the previous study, the defective urinary
dilution thus appeared to be more severe in indi-
viduals with pituitary disease (1).

Clearances of inulin (GFR) and sodium parami-
nohippurate (RPF), when corrected to a surface
area of 1.73 m? were reduced in all but Subjects
5 and 8, a finding characteristic of untreated pa-
tients with primary and secondary adrenal insuffi-
ciency (11).

B) Effect on the timpaired diuresis of expansion
of either the plasma or total extracellular volume.
The total extracellular volume was expanded by
infusing isotonic saline, while expansion of the
plasma compartment was achieved by infusing
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isoncotic albumin. In Subject 1 hyperoncotic al-
bumin was given so that plasma expansion was
achieved at the expense of some decrease in the
volume of interstitial fluid.

Although plasma or extracellular volumes were
not directly measured, it seems reasonable to con-
clude that the desired expansion was achieved,
since appreciable weight gain occurred after sa-
line loading, and hemodilution was noted after in-
fusion of albumin.

Inspection of the data (Table I and Figure 1)
reveals that volume expansion by either technique
is accompanied by an increase in the rate of uri-
nary flow, solute excretion, and free water clear-
ance (Cg,0). The mean increments above control
rates were 3.3 ml, 393 pOsm, and 1.6 ml per min-
ute, respectively.

When measured, it was noted that the level of
RPF was augmented above the control value by
volume expansion. The effect on GFR was vari-
able, with only four patients (nos. 6, 7, 10, 13)
showing an increase, and only two of these (Pa-
tients 10, 13) were among those who had a
distinct augmentation in diuresis with volume ex-
pansion. It is evident, therefore, that an improve-
ment in diuresis can occur without an increase in
GFR, and RPF can increase without any improve-
ment in diuresis.

Finally, it is noteworthy that despite some in-
crease in the parameters of water diuresis in al-
most every subject, only half of the patients (nos.
3, 5, 9-11, 13) showed an improvement that was
large enough to call significant. The reason for
the augmented diuresis in these patients, in con-
trast to the other five, is probably related to their
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greater solute excretion after volume expansion
(except no. 9).

C) The effect of acute administration of gluco-
corticoids on the impaired diuresis. After infusion
of the glucocorticoid there was an improvement in
the diuresis in all but Subjects 4 and 11. The
mean increments in urinary flow and Cg,o were
5.1 and 5.2 ml per minute, respectively, despite a
mean decrement in solute excretion of 26 uOsm
per minute. This improvement is likewise demon-
strable in the greater maximal urinary dilution
(lower urinary osmolality) in almost ever patient.

It cannot be inferred, however, from this over-
all decrease in “mean” solute excretion after glu-
cocorticoid treatment that the augmented diuresis
in most subjects was entirely independent of an
increase in solute excretion, or renal hemodynam-
ics, or both. With the éxception of Subjects 2,
12, and 13, whenever steroids augmented the diu-
resis significantly over that produced by volume
expansion, there was some increase in solute ex-
cretion or GFR, or both. Subjects who showed
a lower solute excretion (nos. 3-5, 10, 11) either
did not show a significantly augmented diuresis
over volume expansion (nos. 3, 4, 11) or there -
was a counterbalancing rise in GFR (nos. 5, 10).

D) The effect of acute administration of gluco-
corticoids after volume expansion in normal sub-
jects. Although the acute infusion of glucocorti-
coids in normal subjects during a sustained maxi-
mal water diuresis does not enhance the param-
eters of that diuresis (2, 11, 12), there was the
possibility that prior volume expansion might
alter this relationship. Data obtained during stud-
ies of four normal subjects who were given corti-

TABLE 1I

Comparison of the effect of saline and albumin loading with adrenal steroid
on the water diuresis in normal subjects

Type of

Urinary Urinary

Solute Sodium  Serum

Wt
Subject BSA Date gain expt. vol conc. Excret. Cuy 0 GFR RPF excret. osmolal.
kg ml/min  mOsm/ pOsm/  ml/min ml/ ml /min unEq/ mOsm/
kg min min min kg
14 1.75 11- 4-60 3.3 Steroid* 25.9 81 2,096 18.4 172 607 603 280
J.B. 11- 9-60 3.2 Salinet 25.3 79 1,997 19.1 134 724 680 278
15 1.7 2-25-61 1.1 Steroid 32.2 88 2,834 21.9 193 840 667 274
G.M 2-28-61 1.8 Saline 32.1 72 2,311 23.4 166 1,086 770 267
16 1.85 11-17-60 Steroid 12.9 95 1,227 8.7 97 550 76 289
L.S. 11-15-60 Albumin 13.4 85 1,142 9.5 94 509 274 291
17 1.88 2-24-61 Albumin 30.0 61 1,860 23.4 144 1,040 336 280
JM 2-24-61 Steroid 28.8 62 1,783 22.5 143 903 378 285

* Represents the period of maximal diuresis after volume expansion plus steroid administration.
1 Represents the period of maximal diuresis after volume expansion alone.



1528

sol after volume expansion, in the same manner
as the foregoing subjects, are contrasted with those
obtained after volume expansion alone (Table II).
Although GFR and solute excretion are increased
after glucocorticoid administration in the subjects
expanded with saline, there was no enhancement
of the parameters of a water diuresis in any subject.

DISCUSSION

In the current study the impaired water diure-
sis of adrenal and pituitary insufficiency could
only partially be corrected with saline or albumin
infusions. In all but Subject 9 this correction
could be explained by the augmentation of renal
hemodynamics or solute excretion. Likewise, the
further improvement of the impaired diuresis after
adrenal steroid administration was usually as-
sociated with changes in solute excretion or renal
hemodynamics, or both, so that a separate effect
of glucocorticoids independent of those parameters
could not be demonstrated in most cases. It seems
unlikely, however, that the improvement in diure-
sis in many subjects after adrenal steroids was due
to changes in solute excretion or renal hemody-
namics alone, or both, since similar or greater in-
creases in these parameters have been observed in
comparable subjects after aminophylline or mer-
curials but without so marked a correction of the
diuresis (1). Furthermore, in Subjects 2 and 12
adrenal steroids produced an effect on the water
diuresis which was far greater than that produced
by volume expansion, although the changes in-
duced in solute excretion and renal hemodynamics
were comparable. A possible synergistic effect of
glucocorticoids and volume expansion is improb-
able in the light of the negative results seen with
normal subjects which, in turn, is consistent with
the results in nonexpanded subjects (2, 12).

If an “aberrant” volume stimulus to ADH re-
lease contributes significantly to the impaired wa-
ter diuresis in adrenal insufficiency, it was not
correctable by the technique of volume expansion
utilized in this study. The findings suggest that
the defective water diuresis is not due to a con-
tinued nonosmotic stimulus for ADH release but
do not, however, entirely obviate that possibility
(10, 13-16).

It might be postulated that the administration
of glucocorticoids allows a normal inhibition of
ADH release during water loading and that this
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is the significant mechanism by which the impaired
water diuresis is corrected. This possibility seems
unlikely in view of the following: 1) the inability
of alcohol, a powerful inhibitor of the neurohypo-
physeal system, to cause a normal diuresis in the
adrenal-insufficient patient (17); 2) the acute ad-
ministration of glucocorticoids improves the water
diuresis of patients with combined anterior and
posterior pituitary insufficiency (9); and 3) in-
tracarotid perfusion of the supraoptico-neurohy-
pophyseal system with physiologic amounts of
cortisol does not enhance diuresis in the water-
loaded, adrenal-insufficient dog (18). The pos-
sibility that the renal tubule is oversensitive to
ADH or that there is some impairment in the
metabolic degradation of ADH in adrenal insuffi-
ciency seems adequately disproved by previous
work (12). It thus seems most likely that glu-
cocorticoids improve the impaired diuresis by a di-
rect effect upon the diluting segment of the nephron.
The augmented water diuresis noted after chronic
administration of glucocorticoid in subjects with
vasopressin-sensitive and vasopressin-resistant dia-
betes insipidus (12, 19), as well as the findings
of the current study, continue to support this
concept.

SUMMARY

1. The effects of saline or albumin infusions on
the impaired water diuresis of 13 subjects with
pituitary or adrenal insufficiency were compared
with the effects of steroid administration.

2. The moderate improvement of the impaired
diuresis caused by volume expansion was prob-
ably due to the concomitant increase in renal he-
modynamics, or solute excretion, or both.

3. The greater improvement in the diuresis that
followed glucocorticoid administration was prob-
ably due to a primary and direct effect on the re-
nal tubule, as well as a concomitant increase in
renal hemodynamics, or solute excretion, or both.

4. The results suggest that the impaired excre-
tion of water in primary and secondary adrenal in-
sufficiency is not caused by an “aberrant volume
stimulus” to the release of ADH.
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APPENDIX

Summary of cases in Table I (all males)

1. Age, 35. Mixed eosinophilic and chromophobe ade-
noma with gonadal, thyroidal, and adrenal insufficiency
secondary to hypophysectomy 1 year prior to studies.
Therapy: depotestosterone and desiccated thyroid. No
adrenal replacement for 2 weeks before study.

2. Age, 38. Chromophobe adenoma surgically removed
10 years before study. Gonadal, thyroidal, and adrenal
insufficiency. Therapy: testosterone and desiccated thy-
roid. No adrenal replacement for 1 month before study.

3. Age, 60. Chromophobe adenoma surgically removed
20 years before study. Gonadal, thyroidal, and adrenal
insufficiency of 6 to 8 years’ duration. No adrenal re-
placement therapy for 2 weeks before study.

4. Age, 62. Supresellar cyst diagnosed surgically 30
years before study. Not removed. Gonadal, thyroidal,
and adrenal insufficiency for at least 15 years before study.
Therapy: depotestosterone and desiccated thyroid. No
adrenal replacement therapy for 2 weeks before study.

5. Age, 65. Chromophobe adenoma removed surgi-
cally 5 years before study. Gonadal, thyroidal, and
adrenal insufficiency. Therapy: methyltestosterone and
desiccated thyroid. No adrenal replacement therapy for
6 weeks before study.

6. Age, 35. Chromophobe adenoma. Treated with ir-
radiation on two occasions approximately 8 to 10 years
before study. Gonadal, thyroidal, and adrenal insuffi-
ciency. Therapy: depotestosterone and desiccated thy-
roid. No adrenal replacement for 2 weeks before study.

7. Age, 50. Chromophobe adenoma removed 2 months
before study. Gonadal, thyroidal, and adrenal insuffi-
ciency for at least 2 years before study. Therapy: depo-
testosterone and desiccated thyroid. No adrenal re-
placement before study.

8. Age, 60. Plasmacytoma (multiple myeloma) de-
struction of pituitary with postoperative irradiation of
pituitary. Gonadal, thyroidal, and adrenal insufficiency
for at least 8 months before study. Therapy: depotestos-
terone and desiccated thyroid. No adrenal replacement
therapy before study.

9. Age, 39. Chromophobe adenoma with gonadal, thy-
roidal, and adrenal insufficiency of 3 years’ duration.
Treated with irradiation 15 years before study. Therapy:
depotestosterone and desiccated thyroid. No adrenal
steroid replacement for 1 week before study.

10. Age, 60. Adrenal insufficiency of 7 years’ duration:
etiology, idiopathic. No replacement therapy for 2 weeks
before study while the patient was maintained on high
salt diet (15 to 20 g daily).

11. Age, 29. Adrenal insufficiency of 6 years’ duration:
etiology, idiopathic. No replacement therapy for 2 weeks
before study while patient was maintained on high salt
diet (15 to 20 g daily).

12. Age, 49. Adrenal insufficiency of 11 years’ duration;
etiology, questionably tuberculous. No replacement
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therapy for 2 to 5 weeks before study while patient was
maintained on high salt diet (15 to 20 g daily).

13. Age, 39. Adrenal insufficiency of 9 years’ duration;
etiology, idiopathic. No replacement therapy for 1
week before study while patient was maintained on high
salt diet (15 to 20 g daily).
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